Wheat ( Triticum aestivum L. var. Lew) embryonic axes take up externally supplied radioactive amino acid (from a solution greater than 2 millimolar) such that the specific radioactivity of the total internal amino acid rapidly reaches that of the external solution. Nevertheless, incorporation of radioactive amino acid into protein increases steadily as the concentration of external amino acid is increased, indicating that the amino acid that is precursor to protein synthesis is not in equilibrium with the total internal amino acid pool. When the external source of amino acid is removed, incorporation of radiolabeled amino acid into protein continues at a rate comparable to that of embryos maintained in the radioactive solution. In explanation of these data, it is suggested that there are two separate cytoplasmic pools of amino acids, one a protein synthesis precursor pool, and the second, an expandable pool into which exogenous radioactive amino acids are taken up. The protein synthesis pool is fed at a limited rate from the expandable pool and at a far greater rate from an endogenous source. As a consequence, the specific activity of the amino acid that is the precursor for protein synthesis is considerably below that of the total internal pool and is determined by the rate of movement into the protein synthesis pool from the expanded radioactive cytoplasmic pool. 2Author to whom reprint requests should be sent.
Immediately upon hydration, wheat embryonic axes undergo a striking increase in capacity for protein synthesis as evidenced by the formation of a substantial level of polyribosomes (16) . This increase in protein synthesis occurs in the absence of synthesis of new mRNA (27) and may be regulated by a large increase in the level of ATP that occurs during the same time period (5) . During a subsequent period of 4 h, the embryos are essentially quiescent with respect to growth, but nevertheless undergo changes that will shortly thereafter allow a rapid rate of growth (18) . Some aspect of protein synthesis is required during this growth-preparatory 'Supported by Grant PCM81-04538 from the National Science Foundation, Grants GM-15122, CA-06927, and RR-05539 from the National Institutes of Health, and by an appropriation from the Commonwealth of Pennsylvania. 2Author to whom reprint requests should be sent.
period since inhibition of protein synthesis prevents subsequent growth (18) . The present study was undertaken to examine quantitatively the changes in protein synthesis that occur during this period. We describe here the development during germination of a system that transports the amino acids taken up by the embryos into a distinct pool that contains those molecules that are the precursors for protein synthesis.
MATERIALS AND METHODS Incubation of Axes and Determination of Rates of Incorporation
In Vivo of Radioactive Amino Acids into Protein. Isolated wheat (Triticum aestivum L. var. Lew) embryos (1977 harvest) prepared from whole wheat seeds were imbibed in 5.5-cm Petri dishes with 1.6 ml of H20 and 10 ,tg/ml of chloramphenicol as described (9) .
When the embryos were transferred to a new solution, the top layer of filter paper with the axes was removed, blotted from below for approximately 20 s, and placed in a dish containing the new solution and two more layers of filter paper. In vivo protein synthesis rates were measured by transferring the embryos to a dish containing the radioactive amino acid and 10 ,ig/ml of chloramphenicol in 1.5 ml of H20. The concentration ofthe amino acid and the duration of the incubation are specified in legends to the different experiments. At the end of the labeling period, the top filter paper and embryos were placed in a Buchner funnel and rinsed with approximately 50 ml of chilled H20. The embryos were ground in 0.5 ml of 10%1o TCA; 4.5 ml of 5% TCA was added and the mixture was homogenized and centrifuged at 12,000g for 10 min. An appropriate sample of the supernatant (generally 100 1d) was counted in aqueous-counting scintillant to determine the 'uptake' of the amino acid, i.e. the acid-soluble content. The pellet was suspended in 5 ml of I010% TCA and heated at 90°C for 15 min. After chilling on ice, the suspension was centrifuged and the pellet was resuspended in 0.5 ml of 0.2 N NaOH for 30 min and reprecipitated with 5 ml of 10%'o TCA. After centrifugation, the precipitate was dissolved in 0.5 ml of 0.2 N NaOH. The solution was mixed with 10 ml of aqueous-counting scintillant and 0.1 ml of glacial acetic acid was added. The radioactivity in this fraction was taken as a measure of the incorporation into protein and was converted into nanomoles based on the specific radioactivity of the external solution.
Polyribosome Analysis and Determination of Relative Rates of Ribosomal Transit. Embryos (75 mg), imbibed for predetermined periods, were rinsed with chilled H20 and homogenized at 4°C in 200 mM Tris-HCl (pH 8.5), 200 mM sucrose, 50 mM MgCl2, 60 mM KCI, and 1 mm EDTA (13) . Triton X-100 was added to 1% and after 10 min at 4°C the homogenate was centrifuged for 5 Relative rates of ribosomal transit were determined by a procedure modified from that of Palmiter (22 p1. The reaction was stopped after 20 min by the addition of 0.1 ml of 16% TCA containing 60 mm leucine, 0.1 ml of 0.1 mg/ml of BSA, and 2 ml of 5% TCA. After 10 min on ice, the precipitates were collected on Whatman GF/C filters, rinsed twice with 5 ml of 5% TCA, dried, and counted.
The relative in vivo specific activity of leucyl-tRNA was determined by labeling 125 mg of embryos in vivo in 0.9 ml of a [14C] leucine solution in the usual manner (see Table IV for details). The RNA was extracted as above, and analyzed for cold-TCA insoluble radioactivity. Aliquots were checked for acid-precipitable radioactivity after exposure to 5% TCA for 10 min at 90°C or the column was eluted at room temperature with a 100-ml linear gradient of 0.1 M citrate between pH 3.4 and pH 4.25 (20) . After 60 ml had passed through the column, the amino acids eluting close to leucine had been collected. The gradient was then interrupted and the basic amino acids were eluted with 0.8 M sodium citrate (pH 6.5) (23).
RESULTS
Analysis of In Vivo Incorporation of I14CILeucine into Protein.
In considering the analysis ofprotein synthesis in vivo, a reasonable approach seemed to be to incubate embryos at a concentration of exogenous radioactive amino acid such that the endogenous pool would be rendered negligible. An approach of this type is shown in Figure 1 in which 1. a Lysates of wheat embryo, prepared as described in "Materials and Methods," were assayed in the standard 100 ,ul assay. TMV-RNA was added where indicated at 5 ,ug/100 il. (Table II) . The ratios for the 5-and 8-h embryos were essentially (Table III) . Surprisingly, there was a continued increase in [14Cileucine incorporated into protein with increasing exogenous concentration, despite the fact, noted earlier, that the endogenous concentration was rapidly exceeded severalfold by the exogenous amino acid. The ratio of the rate of incorporation for the 5-h embryos to that for the 1.75-h embryos dropped steadily from 5.2 at a concentration of 2 mm to 1.8 at 180 mm. The almost inescapable conclusion is that the actual rates of protein synthesis are more closely approximated by the data at the high amino acid concentration. The difference between 1-to 2-h and 4-to 5-h embryos must be predominantly in the ability to transport radioactive leucine from an expandable uptake pool into a protein synthesis precursor pool. The data in Table III show that embryos germinated for 10 h, incubated under the same conditions as the 5-h embryos, took up ['4CIleucine at a rate twice that of the 5-h embryos. Yet the rate of incorporation into protein did not increase. Thus, the increase in the rate of transport of radioactive leucine into the protein synthesis pool reaches a plateau at 4 to 5 h and is independent of the overall rate of uptake into the embryos.
To test the idea that the high leucine concentration is increasing the precursor specific activity, we compared the specific activity of cellular leucyl-tRNA labeled in vivo to a steady-state at 1.5 and 5 h. The amounts of tRNAleu were similar in both embryo samples, and the steady-state level of aminoacylation was comparable (73% in 1.5-h embryos and 67% in 5-h embryos). Incubation of either embryo sample in 180 mm leucine had no effect on the extent of aminoacylation as compared with embryos imbibed in water.
With this background, comparisons of specific activities could be carried out by determining the total radioactivity in each tRNA fraction. The data presented in Table IV show that there is indeed a substantial effect of the exogenous leucine concentration on the steady-state specific activity of leucyl-tRNA. In going from a 2 mm to a 90 mm incubation, the specific activity of leu-tRNA of 1.5-h embryos increases 8.3-fold and that of the 5-h embryos 4.5-fold. When the ratios of leucyl-tRNA specific activity were used to correct the ratio of nanomoles incorporated into protein, the differences in the rates of protein synthesis between the two embryo samples were markedly reduced. At 2 mm leucine, the increase in 5-h embryos over the 1.5-h embryos was now only 2.9-fold, whereas the increase in the 90 mm incubation was 2-fold. In addition to this correction of the data on incorporation into protein, the experiment demonstrates clearly that increasing the exogenous leucine concentration from 2 to 90 mm has a strong effect on the specific activity of the leucyl-tRNA.
Another possibility to consider is that the radioactivity incor- would be unaffected by the dilution. To eliminate these possibilities, we analyzed the radioactivity of a protein hydrolysate of embryo samples incubated in 90 mM ['4CJleucine . The data (Fig.   4) show that more than 95% of the radioactivity incorporated into protein comigrated with authentic leucine.
Incorporation of Other 1I4ClAmino Acids into Protein. The observations on the effect of increased exogenous amino acid concentration on incorporation into protein were also noted with valine, methionine, and lysine. The data with lysine (Table V) A model describing the situation with wheat embryos is shown in Figure 5 . An important feature is that the rate of equilibration into the protein synthesis precursor pool changes strikingly during early germination. On a numerical basis (Tables III and V) , the increase is 2-to 4-fold between 1.5 and 5 h of germination. The data of Table VI for lysine incorporation suggest that the change may be of greater magnitude. The rate of incorporation of lysine after 1.5 h is unaffected by the presence of other amino acids, whereas after 5 h it is substantially inhibited. This suggests a qualitative change in the mechanism of lysine transport to the protein synthesis precursor pool.
The strong inhibition by various amino acids of ["4C]lysine incorporation, in contrast to their lack of effect on amino acid uptake (Table VI) , indicates that the mechanisms of transport to the protein synthesis precursor pool are different than those used for the movement of amino acids across the cell membrane. Nevertheless, the inhibition per se, is consistent with the idea of a carrier system facilitating the movement of amino acids from the cytoplasmic pool to the precursor pool.
In contrast to the equilibration into the protein synthesis precursor pool, the rate of uptake of ["4C]leucine into the embryos increases almost linearly with exogenous amino acid concentration even at high levels of amino acid (Table III) . The increased rate of uptake with increased germination time indicates the development of a component facilitating this process. At the same time, the lack of an effect of germination time on lysine uptake (Table  V) suggests that this development is not a general increase of all amino acid uptake systems. The rate of leucine uptake continues to increase between 5 and 10 h of embryo germination, whereas the rate of equilibration into the protein synthesis precursor pool is essentially identical for embryos at both of these times (Table III) . The cessation of increase in the rate of equilibration correlates closely with the increased rate of growth of the embryos that occurs after 5 h. It seems possible, therefore, that one signal for an increased growth rate may be the attainment of the plateau level of the rate of equilibration. In the intact seed, development of an increased rate of movement of amino acids between the various pools might be preparatory to utilizing the influx of amino acids from the hydrolysis of reserve proteins.
Finally, in considering the measurement of rates of protein synthesis per se, it seems obvious that precursor-specific activity cannot be ignored, in particular when comparing two physiological states. A direct determination of the specific activity of aminoacyl tRNA is helpful, but is technically demanding. We have also observed that inhibition of protein synthesis, even for a short duration, has a considerable effect on the rate of equilibration of exogenous amino acid into the precursor pool. Overall, it would appear advisable in analyzing protein synthesis, to incubate with both low and high concentrations of radioactive leucine, thereby obtaining an estimate of the extent that equilibration into the protein synthesis precursor pool is affecting the incorporation into protein.
